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Summary
The efficiency with which developing sunflower embryos convert substrates into seed storage reserves was
determined by labeling embryos with [U-14C6]glucose or [U-14C5]glutamine and measuring their conversion to
CO2, oil, protein and other biomass compounds. The average carbon conversion efficiency was 50%, which
contrasts with a value of over 80% previously observed in Brassica napus embryos (Goffman et al., 2005), in
which light and the RuBisCO bypass pathway allow more efficient conversion of hexose to oil. Labeling levels
after incubating sunflower embryos with [U-14C4]malate indicated that some carbon from malate enters the
plastidic compartment and contributes to oil synthesis. To test this and to map the underlying pattern of
metabolic fluxes, separate experiments were carried out in which embryos were labeled to isotopic steady
state using [1-13C1]glucose, [2-13C1]glucose, or [U-13C5]glutamine. The resultant labeling in sugars, starch, fatty
acids and amino acids was analyzed by NMR and GC-MS. The fluxes through intermediary metabolism were
then quantified by computer-aided modeling. The resulting flux map accounted well for the labeling data, was
in good agreement with the observed carbon efficiency, and was further validated by testing for agreement
with gas exchange measurements. The map shows that the influx of malate into oil is low and that flux
through futile cycles (wasting ATP) is low, which contrasts with the high rates previously determined for
growing root tips and heterotrophic cell cultures.
Keywords: fatty acid synthesis, sunflower embryo, metabolic flux analysis, carbon conversion efficiency,
isotopic labeling, oilseed filling.

Introduction
The major metabolic function of developing seeds is to
convert carbon and nitrogen precursors provided by the
mother plant into stable reserves required for germination
and seedling establishment. The efficiency of the overall
metabolic processes involved in accumulating seed storage
products will determine the amount of reserve material
available for the next generation of a plant species. Plants
would therefore be expected to have evolved pathways and
mechanisms to maximize this efficiency. Many species (e.g.
soybean, canola) have seeds that remain green while accumulating storage reserves. In previous studies of green
Brassica napus embryos, we found that the conversion of
carbohydrate to seed storage oil and protein is extremely
efficient (Goffman et al., 2005; Schwender et al., 2004a). This
efficiency can be attributed to light-driven provision of ATP
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and reductant, which allows the operation of the RuBisCO
bypass – a novel metabolic route that allows more efficient
conversion of hexose to oil – and also eliminates the need for
a significant TCA cycle flux (Schwender et al., 2006). To date,
the efficiency of metabolism and the network of central
metabolic fluxes have not been directly examined for nongreen, heterotrophic seeds. Sunflower represents an example of such seeds as well as being a major oilseed crop, with
an oil content of 55%.
Fatty acid synthesis in plants occurs predominantly in
plastids and requires carbon in the form of acetyl CoA units
as well as ATP and reducing power. Because acetyl CoA
cannot cross the plastid membrane (Roughan et al., 1979;
Weaire and Kekwick, 1975), precursors for its synthesis must
be generated in the plastid or imported from the cytosol.
1

2 Ana P. Alonso et al.
Cytosolic metabolites such as glucose-6-phosphate (glucose-6-P), phosphoenolpyruvate (PEP), pyruvate and malate
have been shown to support fatty acid synthesis by isolated
plastids (Eastmond and Rawsthorne, 2000; Kang and Rawsthorne, 1996; Kang et al., 1994; Pleite et al., 2005; Qi et al.,
1995; Smith et al., 1992) . The capacity of plastids to convert
these carbon sources into acetyl CoA differs between plant
tissues and species. Fatty acid synthesis also requires
reducing power in the form of NADH and NADPH. In green
seeds, light energy can be used by chloroplasts to provide
the ATP and NADPH necessary for fatty acid synthesis
(Browse and Slack, 1985; Goffman et al., 2005; Ruuska et al.,
2004; Schwender et al., 2004a, 2006), whereas plastids
isolated from heterotrophic tissues require added ATP for
maximal rates of fatty acids synthesis (Browse and Slack,
1985; Hill and Smith, 1991; Kang and Rawsthorne, 1996;
Kleppinger-Sparace et al., 1992; Neuhaus et al., 1993; Smith
et al., 1992).
Rawsthorne (2002) gives an overview of the carbon and
reductant sources for fatty acid synthesis. The ATP and
reducing power necessary for fatty acid synthesis in nonphotosynthetic tissues such as developing sunflower
embryos can in principle be produced during the synthesis
of acetyl CoA from glucose-6-P, malate, PEP or pyruvate or
via the plastidic oxidative pentose phosphate pathway
(OPPP). Pleite et al. (2005) showed that, when different
carbon sources were supplied to plastids isolated from
developing sunflower embryos, malate supported the highest rates of fatty acid synthesis throughout the period of oil
accumulation. It was proposed that reducing power could be
generated via plastidic malic enzyme (EC 1.1.1.40) and
pyruvate dehydrogenase. However, pyruvate supported
substantial rates of fatty acid synthesis when incubations
also included glucose-6-P. Although these in vitro studies
reveal a range of possible routes for metabolism, the
proportions of fatty acids that developing embryos actually
synthesize from malate or hexose phosphates and the
respective proportions of reductant generated from malate
or via the OPPP in vivo remain undetermined.
To better understand fatty acid synthesis in developing
sunflower seeds, we studied carbon metabolism in the
whole embryo, which can provide information not only on
the nature of the sources of carbon and reductant but also on
the fluxes of primary metabolism. There are several
approaches to quantify multiple metabolic fluxes in plant
systems (Ratcliffe and Shachar-Hill, 2006). One consists of
measuring final product accumulation or substrate disappearance with time (flux balance analysis). The rates thus
obtained are net fluxes, i.e. the difference between synthesis
and degradation rates, are dependent on a known or
assumed metabolic network, and contain little information
on subcellular compartmentation. Other approaches involve
either pulsed or steady-state isotopic labeling using radioactive or stable tracers. Pulsed labeling experiments with

radioactive tracers allow measurement of unidirectional
fluxes of synthesis such as sucrose synthesis from the rate
of the incorporation of radioactivity into sucrose (e.g. Alonso
et al., 2005; Hargreaves and ap Rees, 1988; Hatzfeld and Stitt,
1990; Hill and ap Rees, 1994, 1995) . On the other hand, in
steady-state labeling experiments using stable isotopes
(Dieuaide-Noubhani et al., 1995; Rontein et al., 2002; Schwender et al., 2003, 2004a, 2006; Sriram et al., 2004), fluxes are
calculated from equations describing the input and output
fluxes of label at the level of each atomic position of
metabolites. Steady-state isotopic labeling flux analysis
using 13C-labeling, NMR and GC-MS analysis of labeled
metabolites with computer-aided modeling is the only way
available so far to simultaneously determine multiple fluxes
through the network of central metabolism in plants (Ratcliffe and Shachar-Hill, 2005, 2006; Schwender et al., 2004b).
Analyses of carbon metabolism in heterotrophic tissues
such as tomato cells in culture and maize root tips revealed
high fluxes through the oxidative pentose-P pathway and
the tricarboxylic acid (TCA) cycle. Substantial proportions of
the ATP produced in those tissues were also found to be
consumed by futile cycling (Alonso et al., 2005; DieuaideNoubhani et al., 1995; Rontein et al., 2002). These results are
intriguing as there is no obvious purpose served by this high
degree of futile cycling, and one would expect that selection
pressures during evolution would favour a higher degree of
efficiency of carbon use. This pressure would seem to be
especially acute in the formation of seed storage compounds, on whose efficient production the reproductive
competitiveness of a plant is critically dependent.
In the present study, we have quantified the fluxes
through the primary metabolic network in developing
sunflower embryos during oil accumulation, and addressed
questions about carbon conversion efficiency and the extent
of futile cycling as well as the routes of carbon flow into oil
and the origins of the reducing power necessary for fatty
acid synthesis.
Results
Sunflower embryo culture
According to confocal microscopic observations, sunflower
embryos are closely associated with maternal vascular tissue (Ben et al., 2005). In order to identify the metabolites
available to the embryo and measure their levels, ethanolic
extracts from vascular tissues collected 12 days after pollination (DAP) were analyzed by 1H-NMR (Figure S1). Sucrose, glucose, alanine, glutamine and fumaric acid were
identified in the extracts at 13  2, 94  15, 1.0  0.5, 6  1
and 5.0  0.1 mM, respectively. This composition was found
to be very similar to that in phloem (data not shown). Thus
glucose and glutamine account for >80% of the sugar and
amino acid pools. Accordingly, glucose and glutamine were
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provided as the major carbon and nitrogen sources for culture of sunflower embryos. In cultures where the concentrations of glucose and glutamine were 400 and 70 mM,
respectively, the embryo dry weight accumulation
(1.35  0.36 mg embryo)1 day)1) was indistinguishable
from in planta growth rates (1.47  0.22 mg embryo)1
day)1). The composition of storage biomass by embryos
developing under these conditions was also similar to that of
embryos developing in planta, with the cultured embryos
having somewhat more starch and less oil than the embryos
growing in planta; cell wall and protein contents were not
significantly different (Figure 1).
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Carbon mass balancing is used in order to estimate the
efficiency with which metabolites are transformed into
storage biomass products in micro-organisms (Converti
and Perego, 2002; Novak and Loubiere, 2000; Saez et al.,
2002) as well as in plants (Flinn et al., 1977; Goffman et al.,
2005; Pate et al., 1977; Peoples et al., 1985; Schwender
et al., 2004a). Glucose and/or glutamine or malate uniformly
labeled with 14C were supplied to developing sunflower
embryos, and their metabolic fates were determined by
measuring 14C incorporation into biomass pools (starch, oil,
proteins and cell walls) and released as 14CO2 (Figure 2).
Figure 2a shows the partitioning of the 14C carbon after
labeling with [U-14C6]glucose and [U-14C5]glutamine for
5 days (from 12 to 17 DAP): 20.0  3.8%, 11.1  0.8%,
5.3  1.2% and 13.1  0.8% of the 14C was incorporated into
oil, protein, starch and cell walls, respectively, which represents a carbon conversion efficiency of 49.5%. Carbon partitioning after labeling with [U-14C4]malate (Figure 2b) or
[U-14C5]glutamine (Figure 2c) showed a very similar pattern
for 14C incorporation in to CO2, cell wall and starch. Label
from [U-14C5]glutamine (Figure 2c) is incorporated much
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Figure 1. Biomass composition in developing sunflower embryos.
Biomass composition was determined for sunflower embryos harvested from
the plant at 12 days after pollination (DAP), 17 DAP and embryos cultured
from 12 to 17 DAP. Errors bars represent standard deviations of three
independent experiments for 12 DAP embryos and four independent experiments for 17 DAP embryos in planta and in vivo.

Figure 2. Distribution of 14C-labeling among biomass fractions and CO2.
(a) [U-14C6]glucose + [U-14C5]glutamine, (b) [U-14C4]malate + unlabeled glucose and glutamine, and (c) [U-14C5]glutamine + unlabeled glucose. Embryos
were cultured at 27C for 5 days in the presence of U-14C carbon supplies.
After culture, the 14CO2 was collected by flushing the flasks through a trapping
system, and the embryos were frozen in liquid N2 for analysis of 14C-labeling
in biomass components. The proportions shown represent the 14C recovered
in the respective fractions.

more into proteins than oil, while that from [U-14C4]malate is
integrated equally into proteins and oil (Figure 2b). These
results suggest that malate could be a precursor for fatty
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acid synthesis in vivo. However, malate is not apparently
provided to sunflower embryos in planta (Figure S1), and,
furthermore, the above radiolabeling experiments cannot
elucidate whether malate taken up by the embryo enters the
plastid intact or is metabolized first. Accordingly, we used
13
C- and 14C-labeling to elucidate the routes and rates of
carbon flux.
Metabolic fluxes in developing sunflower embryos
Carbon-uptake and biomass accumulation. Glutamine and
glucose-uptake rates were estimated to be 69  11 and
558  39 nmol h)1 embryo)1, respectively, based on 14C
levels in embryos supplied with [U-14C5]glutamine + [U-14C6]glucose and [U-14C5]glutamine + unlabeled
glucose. Oil bodies and protein levels in sunflower embryos
increase linearly with time from 10–12 to 25–30 DAP (Mantese et al., 2006; Ploschuk and Hall, 1997), suggesting that
metabolism in developing sunflower embryos is at steady
state between 12 and 25 DAP. The rates of biomass synthesis and metabolite accumulation were calculated by
measuring the biomass accumulated during 5 days of culture (between 12 and 17 DAP). The rates of protein, starch,
oil and cell-wall synthesis were 26.6  4.7, 19.5  1.9,
260.1  74.0, 46.1  3.4 nmol h)1 embryo)1, respectively.
Sucrose and glucose accumulation were found to be 24  3
and 24  7 nmol h)1 embryo)1, respectively.
13

C-labeling. For metabolic flux analysis based on isotopic
labeling to be valid, isotopic steady state must have been
reached. This was confirmed by incubating sunflower
embryos transferred into culture at 12 DAP with 50%
[1-13C1]glucose for 5 and 7 days. Labeling in carbohydrates
(sucrose, glucose and starch) and in free amino acids (alanine and glutamine) was analyzed using 1H-NMR and
13
C-NMR to measure the enrichment of 13C in each carbon
position. The enrichments for these compounds after 7 days
were all within 6% of the values at 5 days of labeling (data
not shown), which confirmed that isotopic steady state is
reached within 5 days of labeling.
The results described below are based on three separate
experiments, in which developing embryos were labeled
with 50% [1-13C1]glucose (n = 3 biological replicates), 100%
[2-13C1]glucose (n = 2) or 100% [U-13C5]glutamine (n = 1) for
5 days. After extraction, oil, starch and hydrolysable molecules (free sugars and amino acids) were analyzed by
1
H-NMR and 13C-NMR (Figure 3). Protein extracts were
hydrolyzed, derivatized and analyzed by GC-MS (Figure 4).
The full NMR and GC-MS datasets are reported in Tables S2
and S3, respectively.
Building a model of sunflower embryo central metabolism. The metabolic network was defined from information
available in the literature on sunflower embryos (Hewezi

et al., 2006; Pleite et al., 2005) and other heterotrophic plant
tissues (Dieuaide-Noubhani et al., 1995; Rontein et al., 2002)
and from the labeling data. We used existing models of
metabolic pathways in non-photosynthetic tissues to which
oil and protein synthesis pathways were added (Schwender
et al., 2006). Incorporation of [U-14C4]malate and
[U-14C5]glutamine into starch and cell wall (Figure 2b,c)
indicated a gluconeogenic flux that was also included as
reversibility of the glycolytic flux and phosphoenolpyruvate
carboxylase (PEPC). [U-14C4]malate labeling suggested that
malate can be a precursor for oil synthesis in sunflower
embryos (Figure 2b), which was considered in our model by
adding a NADP-dependent malic enzyme (EC 1.1.1.40) in the
plastid. As previously shown in maize root tips (DieuaideNoubhani et al., 1995), the observation of a substantial loss
of label in the C1 carbon position of starch glucosyl units
after labeling with [1-13C1]glucose (Table S2), and the low
transfer of label from C2 to C1 observed in sucrose and glucose compared to starch after labeling with [2-13C1]glucose
(Table S2), suggest that the OPPP is mainly located in the
plastid of sunflower embryos. Detailed equations describing
the network of central carbon metabolism in developing
sunflower embryos are presented in Table S1.
The 13C-FLUX software package was used for quantifying flux values (Mollney et al., 1999; Wiechert and de Graaf,
1997; Wiechert et al., 1997, 1999). The following data were
used in modeling: (i) the 13C-labeling data obtained with the
three different labeling experiments (50% [1-13C1]glucose,
100% [2-13C1]glucose and 100% [U-13C5]glutamine;
Tables S2 and S3), (ii) the equations describing carbon
metabolism (Table S1), (iii) the rates of glucose and
glutamine uptake determined in 14C-labeling experiments,
and (iv) the rates of accumulation of each biomass component determined during the 5 days of culture. In order to
include data from the three separate experiments
([1-13C1]glucose, [2-13C1]glucose and [U-13C5]glutamine)
into a single flux estimation procedure, each flux and
metabolite pool was encoded three times. 13C-FLUX
evaluates a set of stoichiometrically feasible fluxes that
best accounts for the measured data. The flux optimization
was repeated (Monte Carlo optimization) over 2000 times
from different starting points, and over 69% of the optimization runs converged to a very similar set of flux values
that yielded the best fit to the experimental data. Confidence intervals for each flux were determined from the
range of measured labeling values obtained in different
experiments (biological variation) and the sensitivity of
each flux value to variation in the different measurements.
The resulting flux map and the values for forward and
reverse fluxes are shown in Figure 5 and Table 1 together
with their confidence intervals.
Model validation. One way to test the validity of
our modeling analysis is to compare the rate of CO2
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Figure 3. 13C and 1H spectra (inset) of cellular sugars.
Sunflower embryos were incubated for 5 days with 50% [1-13C1]glucose. The sugar fraction was purified and analyzed by 1H and 13C-NMR as described in
Experimental procedures. a-Gn, b-Gn, SGn and SFn correspond to the resonance of carbon n of a and b glucose, and of the glucosyl and fructosyl moieties of
sucrose, respectively. For the studied carbon atoms, the enrichment values were obtained as described by Alonso et al. (2005).

production predicted by the model to that determined
experimentally, as this measured flux value was not
included in the modeling process. The model calculates a
CO2 production rate of 2064  53 nmol CO2 h)1 embryo)1,
which is close to the CO2 production directly measured by
gas analysis (1705  221 nmol CO2 h)1 embryo)1). The
validity of the modeling results was further tested by
comparing the rate of O2 consumption predicted by the
model to that we measured for cultured developing
sunflower embryos. The flux through reactions producing
NADH in the cytosol and mitochondria (pyruvate
dehydrogenase, isocitrate dehydrogenase, malate dehydrogenase, a-ketoglutarate dehydrogenase, succinate
dehydrogenase, fumarase, malic enzyme and glyceraldehyde-3-P dehydrogenase) was estimated by the flux
modeling to produce between 3073 and 3747 nmol of
NADH h)1 embryo)1 depending on the localization of the
glyceraldehyde-3-P dehydrogenase. As 2 mol of NADH are
required to reduce 1 mol of O2, the rate of oxygen consumption estimated by the model is between 1537 and
1874 nmol O2 h)1 embryo)1. These values are very close
to the rate of O2 consumption determined experimentally

(1854  231 nmol O2 h)1 embryo)1), which furnishes
additional independent validation of the model. The close
agreement between calculated versus measured labeling
data shown in Figure 6 indicates that the mathematical flux model adequately describes the experimentally
observed data.
Metabolism in sunflower embryos
Precursors and reducing power for fatty acid synthesis Major questions about oilseed metabolism concern
the route of carbon flow from maternally supplied substrates into seed oil and how reductant is generated for
fatty acid synthesis. Based on analysis of the labeling
results (Figure 5 and Table 1), 91–95% of the carbon for
fatty acid synthesis is derived from triose phosphate produced from hexose that is imported into the plastid. Only
5–9% of the carbon for fatty acid synthesis was attributable
to the import of malate. Similarly, substantial uptake of
pyruvate into the plastid was not supported by our labeling data, as clearly indicated from significantly different
labeling of alanine and acetyl CoA units (Table S2).

ª 2007 The Authors
Journal compilation ª 2007 Blackwell Publishing Ltd, The Plant Journal, (2007), doi: 10.1111/j.1365-313X.2007.03235.x

6 Ana P. Alonso et al.

(a)

C-skeleton (labeled)
H

H

H C

C

H

O
C

NH

CH3 CH3
O

H3C

Si

CH3

H3C

C

CH3

CH3

(b)

Non-C-skeleton

Si

C

CH3

CH3 CH3

Skeleton
from derivatisation

100

abundance measured
abundance corrected
abundance calculated

90
80

Abundance (%)

70
60
50
40
30
20
10
0
m0

m+1

m+2

m+3

isotopomers

Figure 4. Determination by GC-MS of the isotopomer abundance in amino
acids from protein hydrolysis, using alanine as an example.
After acid hydrolysis of the 13C-proteins, amino acids obtained were derivatized with TBDMS and analyzed in GC-MS. For example, 13C-alanine
derivatization produced the compound shown in (a) with attachment of the
derivative to the carboxyl and amine groups.
(b) The mass spectrum of this compound (black bars). A correction is made in
order to quantify the isotopomers of 13C-alanine : the masses and natural
abundances of the isotopes of C, N, Si, H, O that are not part of the carbon
skeleton of alanine have to be accounted for. The result of this correction is
presented in gray, and is directly comparable to the abundances calculated by
the model (white bars). Peaks m0, m + 1, m + 2 and m + 3 are alanine
isotopomers containing respectively 0, 1, 2 and 3 atoms of 13C.

Thus most carbon from the cytosol enters the plastid at
the level of hexoses, and malate appears not to be a major
source of carbon or of reductant for plastidic fatty synthesis during sunflower embryo development. Net forward
flux through the upper part of glycolysis appears to be
confined to the plastid, but the subcellular location of the
lower part of glycolysis cannot be determined from our
data. Carbon for the net gluconeogenic flux in the cytosol
is supplied largely by triose phosphate export from the
plastid. Because the subcellular location of reactions
between triose phosphate and PEP cannot be
distinguished by these experiments, we cannot rule out

the possibility that some PEP is imported into plastids after
its formation in the cytosol.
The oxidative pentose phosphate pathway (OPPP), localized in the plastid, provides enough reductant for oil
production. The calculated OPPP flux can produce
550  36 nmol NADPH h)1 embryo)1, whereas the measured rate of fatty acid synthesis requires 259  16 nmol
NADPH h)1 embryo)1. Thus the calculated OPPP flux generates sufficient NADPH for fatty acid production without the
need for flux through plastidic NADP-dependent malic
enzyme. Alternative modeling of our labeling data using
models with a partial or complete cytosolic OPPP suggests
that there is no significant cytosolic OPPP activity. This is
further strongly suggested by the different labeling of
sucrose and starch glucosyl units (Table S2). Thus plastidic
OPPP flux can provide all the NADPH needed for fatty acid
synthesis, and plastidic pyruvate dehydrogenase is estimated to provide all the NADH necessary (260  16 nmol
NADH h)1 embryo)1).
Low fluxes through substrate cycles. Previous studies of
heterotrophic plant tissues (maize root tips and tomato cell
suspensions) have indicated a high rate of ATP consumption through substrate cycles (Dieuaide-Noubhani
et al., 1995; Rontein et al., 2002). The rate of O2 consumption by sunflower embryos was measured experimentally and found to be 1854  231 nmol h)1 embryo)1.
According to Zaitseva et al. (2002), the ADP/O (ATP produced over oxygen consumed) ratio is close to one in
mitochondria of 13 DAP sunflower embryos, which means
that a total of 3708 nmol ATP h)1 embryo)1 could be produced via mitochondrial respiration. According to our flux
model (Figure 5), 1348 nmol ATP h)1 embryo)1 should be
formed by glycolysis, leading to a total ATP production of
5056 nmol ATP h)1 embryo)1. In developing sunflower
embryos, triose-P/hexose-P cycling occurs between the
cytosol and the plastid compartments (Figure 5), and
consumes a maximum of 320 nmol ATP h)1 embryo)1,
depending on the enzyme(s) involved in the conversion of
fructose-1,6-bisP to fructose-6-P. The equivalent of one
ATP is consumed if this reaction is catalyzed by fructose1,6-bisphosphatase, but none if it catalyzes by the PPidependent phosphofructokinase. Thus, the maximum
consumption of ATP by the triose-P/hexose-P cycle is 6%
of the ATP produced by respiration. For the cycling between hexose-P and glucose, the synthesis and breakdown
of sucrose and/or glucose-6-P phosphatase activity may be
involved (Alonso et al., 2005). In the case of glucose-6-P
phosphatase activity, a single ATP equivalent is used by
the cycling, whereas sucrose synthesis by sucrose-P synthase and degradation by invertase requires two ATP if we
consider that PPi is a donor of phosphate like ATP (Hill and
ap Rees, 1994). Thus, hexose-PMglucose cycling consumes
between 344 and 688 nmol ATP h)1 embryo)1, which
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Figure 5. Metabolic network and fluxes in developing sunflower embryos.
The scheme shown is a simplified overview indicating steps for which our model allows calculations of fluxes and their localization. Values reported are the best fit
and the ones most commonly obtained by optimized fitting, and are given as flux values (nmol molecule h)1 embryo)1  confidence interval). For the net fluxes, the
widths of the gray arrows are directly proportional to flux values. The boxes surrounding metabolites indicate that any differences in the labeling between these
metabolites cannot be distinguished by our experiments. For example, labeling data do not allow the cytosolic and plastidic triose phosphate and PEP pools to be
distinguished, and therefore the subcellular localization of these metabolites and their inter-conversion are indicated as undefined.

represents 7–14% of the ATP produced. Therefore, developing sunflower embryos utilize a maximum of 20% of the
ATP produced in substrate cycles, which is in agreement
with the high carbon conversion efficiency that we
measured and much lower than levels of 45–70% that have
been reported for other plant heterotrophic tissues (Alonso
et al., 2005; Dieuaide-Noubhani et al., 1995; Rontein et al.,
2002).
ATP requirement for biomass synthesis in developing
sunflower embryos. Fatty acid, starch and cell-wall synthesis require 1 mol ATP per mol acetyl CoA, ADP-glucose and
UDP-glucose, respectively, whereas 4.3 mol ATP per amino
acid attached are necessary for protein synthesis
(Schwender et al., 2006). Thus, fatty acid, starch, protein and
cell-wall synthesis consume 259, 21, 224 and 50 nmol

ATP h)1 embryo)1, respectively. Consequently, only about
11% of the ATP produced is used for biomass production.
Additional ATP is presumably consumed to power the
import of the carbohydrate and amino acid precursors
of storage end products and for cellular maintenance.
Discussion
A primary aim of this study was to quantify the fluxes
through the central metabolic network in developing sunflower embryos in order to answer questions about carbon
conversion efficiency, the routes of carbon flow into oil,
and the origins of the reducing power necessary for fatty
acid synthesis. Although there was some difference in
biomass composition between sunflower embryos
growing in culture and in planta (Figure 1), as has been
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Table 1 Metabolic fluxes in developing sunflower embryos. Fluxes are given in nmol molecule h)1 embryo)1
Flux values (nmol molecule h)1 embryo)1)
Flux name

Flux or rate description

Forward

Backward

Vg
Va
Vhk
Vres
Vgf
Vald
Vglyco
Vfas2
Vsuc1
Vsuc2
Vglc
Vgl
Vakg
Vhcp
Valdp
Vppp1
Vppp2
Vppp3
Vppp4
Vpkp
Vpdhp
Vmep
Vfas2
Vpk
Vpyr
Vpepc
Vpdh
Vcs
Vca
Vsfa
Vfum
Vme
Vco2
Vwall
Vsta
Vp5peff
Vtpeff
Vpepeff
Ve4peff
Vpyrpeff
VAcCoAeff
Vpyrceff
Voaaeff
Vglueff

Rate of glucose uptake
Rate of glutamine uptake
Flux through hexokinase
Fluxes from G6P to glucose
Fluxes catalyzed by G6P isomerase
Fluxes catalyzed by cytosolic aldolase
Glycolytic flux
Rate of glycerol incorporation into triacylglycerol
Flux of G6P to sucrose accumulation
Flux of F6P to sucrose accumulation
Rate of glucose accumulation
Flux of glutamine to glutamate
Flux of glutamate to a-ketoglutarate
Exchange of cytosolic and plastidic hexose-P
Fluxes catalyzed by plastidic aldolase
Flux of the oxidative part of the pentose-P pathway
Fluxes catalyzed by transketolase
Fluxes catalyzed by transaldolase
Fluxes catalyzed by transketolase
Flux catalyzed by plastidic pyruvate kinase
Flux catalyzed by plastidic pyruvate dehydrogenase
Flux catalyzed by plastidic malic enzyme
Flux of AcCoA to fatty acid synthesis
Flux catalyzed by pyruvate kinase
Flux of pyruvate from cytosol to mitochondria
Anaplerotic flux through PEPC
Flux catalyzed by pyruvate dehydrogenase
Flux through citrate synthase
Flux calatyzed by aconitase
Flux through 2-oxoglutarate dehydrogenase
Flux catalyzed by fumarase
Flux through malic enzyme
Rate of CO2 production
Rate of cell-wall synthesis
Rate of starch accumulation
Flux of P5Pp to amino acids for protein synthesis
Flux of TP to amino acids for protein synthesis
Flux of PEP to amino acids for protein synthesis
Flux of E4Pp to amino acids for protein synthesis
Flux of PYRp to amino acids for protein synthesis
Flux of AcCoAp to amino acids for protein synthesis
Flux of PYR to amino acids for protein synthesis
Flux of OAA to amino acids for protein synthesis
Flux of GLU to amino acids for protein synthesis

547  2
80  2
860  40
344  39
685  230
0  160
12 587  837
13  3
27  3
27  3
31  7
193  13
524  27
1459  198
619  131
275  18
352  52
939  90
91  64
250  15
260  16
18  5
259  15
382  27
381  27
229  30
464  17
464  17
464  17
532  19
834  182
84  18
2064  53
50  3
21  2
1
3
1
1
8
1
1
25
12

0
0
0
0
979  101
320  289
11 913  820
0
0
0
0
113  11
456  25
726  68
0
0
260  46
848  84
0  58
0
0
0
0
0
0
188  10
0
0
0
0
302  164
0
0
0
0
0
0
0
0
0
0
0
0
0

Some fluxes were determined by 14C-labeling experiments, such as the rate of glucose uptake (Vg) and the rate of glutamine uptake (Va). The rates
of starch (Vsta), cell-wall (Vwall), protein, fatty acids (Vfas1 and Vfas2), sucrose (Vsuc1 and Vsuc2) and glucose (Vglc) accumulation were quantified
by measuring their accumulation during the incubation period. Those results are reported as means  SD. The flux of glucose resynthesis from
hexose-P (Vres) was calculated using the equation: (Vres = Vg Æ (Gex1/Sg6 – Gin1/Gin6 Æ Gex6/Sg6)/(Gin1/Gin6 – Sg1/Sg6), where Gex1, Sg1 and Gin1
represent the enrichment of carbon 1 of extracellular glucose, the glucosyl moiety of sucrose and intracellular glucose, respectively, and Gex6, Sg6
and Gin6 represent the enrichments of carbon 6 in the same molecules) [Equation (4) in Alonso et al. (2005)], and then entered as a free flux in the
model. The other flux values were calculated from the model based upon carbon enrichment measured after steady-state labeling with
[1-13C1]glucose, [2-13C1]glucose or [U-13C5]glutamine. The values are the best fit, and are also the most frequently determined optimized flux
values  confidence interval.

previously observed for culture of oilseeds (Hsu and
Obendorf, 1982; Sriram et al., 2004), the rate of dry weight
accumulation is not significantly different. Overall, this

study provided estimates of more than 50 central metabolic fluxes (Figure 5) through central metabolism in a
developing non-green seed.
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Figure 6. Comparison between predicted and measured data.
Scatter plot between the data calculated by the model and the measurements.
The linear regression, equation and R2-value are shown.

Carbon conversion efficiency in developing sunflower
embryos
Sunflower embryos converted carbon supplies into reserves
with an average efficiency of 50%, which is high compared to
previously studied heterotrophic plant tissues (DieuaideNoubhani et al., 1995; Rontein et al., 2002), but contrasts
with an efficiency of over 80% observed for the green
embryos of B. napus (Goffman et al., 2005). According to the
data published by Sriram et al. (2004), the carbon conversion efficiency in soybean embryos growing at
100 lE m)2 sec)1 can be estimated at 55% (ratio between C
assimilated into biomass and C input), which is very close to
that measured in sunflower embryos. According to the flux
map (Figure 5), 70% of the total CO2 released by developing
sunflower embryos was produced by the TCA cycle, compared to 13% each by OPPP and plastid pyruvate dehydrogenase. In B. napus embryos, there was no net flux round
the TCA cycle, and therefore mitochondrial reactions provided much less reductant or energy for biomass accumulation (Schwender et al., 2006). Instead, in these green
seeds, the light reactions of photosynthesis can provide
both ATP and reductant, and the RuBisCO bypass allows
more efficient conversion of hexose to oil (Goffman et al.,
2005; Schwender et al., 2004a). In contrast, in soybean
embryos, the oxidative part of the pentose-P pathway and
pyruvate dehydrogenase produce 40% and 34% of the total
CO2 released, respectively, also furnishing a large amount of
the reductant (NADPH and NADH) required for fatty acid
synthesis (Sriram et al., 2004). In soybean embryos, flux
through the TCA cycle is very low, and ATP is presumably
provided by photosynthesis and high flux through glycolysis. In the case of sunflower embryos, the high flux through
the TCA cycle coupled to NADH oxidation produced ATP at a
high rate. The amount of ATP consumed by futile cycling

represented <20% of the total ATP produced, which is in
agreement with the carbon efficiency measured, and contrasts with other heterotrophic tissues such as maize root
tips where around 45% of the ATP was dissipated by substrate cycling (Alonso et al., 2005). Because of the loss of
CO2 in the pyruvate dehydrogenase reaction, fatty acid
synthesis coupled to glycolysis results in a maximum theoretical carbon efficiency of 66%, whereas carbohydrate and
protein storage can result in carbon efficiencies of > 95% and
80%, respectively. Our data indicate that sunflower embryos,
which mainly accumulate fatty acids, have a carbon efficiency of 50%. In comparison, other heterotrophic tissues
such as maize root tips and tomato cells in culture, which
produce mainly carbohydrate, have efficiencies of 47% and
58%, respectively (A.P. Alonso, P. Raymond, M. Hernould,
C. Rondeau-Mouro, A. de Graaf, P. Chourey, M. Lahaye,
Y. Shachar-Hill, D. Rolin and M. Dieuaide-Noubhani,
unpublished results; Rontein et al., 2002). Thus sunflower
embryos have a high carbon efficiency considering they are
a heterotrophic tissue in which fatty acids are the major end
product of metabolism. This efficiency probably evolved
under selection pressure to provide maximum carbon storage to support germination and seedling development.
Carbon and reductant sources for oil synthesis in developing
sunflower embryos
In B. napus embryos, carbon for fatty acid synthesis was
provided by 3-phosphoglycerate derived from the RuBisCo
reaction and glycolysis, and NAPDH and ATP could be largely supplied by light (Goffman et al., 2005; Ruuska et al.,
2004; Schwender et al., 2004a, 2006). In soybean embryos,
95% of plastidic acetyl CoA is apparently made from triose-P
and only 5% by malate; NADPH and NADH could be supplied
by the oxidative part of the pentose-P pathway and by
pyruvate dehydrogenase (Sriram et al., 2004). When plastids
isolated from developing sunflower embryos were supplied
with a range of precursors, malate was found to support the
highest rates of fatty acid synthesis throughout the period of
oil accumulation. These results led to the conclusion that
reducing power is largely generated via plastidic NADPdependent malic enzyme and pyruvate dehydrogenase
(Pleite et al., 2005). In contrast to these findings with isolated
plastids, we found that, in the intact embryo, malate provides
<9% of the carbon for fatty acid synthesis, the remainder
being supplied by triose-P derived from hexoses. Furthermore, our analysis revealed that the pentose-P pathway is
the main provider of NADPH in developing sunflower
embryos, whereas plastidic malic enzyme produces <4% of
the total NADPH. Comparison of these studies suggests that
isolated plastids do not quantitatively reflect fluxes that
occur in vivo. Similar conclusions have been drawn based on
comparison of fatty acid synthesis by isolated chloroplasts
with in vivo labeling of leaves (Bao et al., 2000).
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Biological validation
All the experiments presented in this study were conducted
under normoxic conditions. However, by measuring the
activity of oleate desaturase (FAD2, EC 1.3.1.35) under different O2 concentrations, Garcia-Diaz et al. (2002) suggest
that storage oil synthesis of developing sunflower embryos
may be O2-limited under normal growing conditions. A
recent study comparing transcript profiles in leaves and
immature sunflower embryos using cDNA microarrays
reported genes related to amino acid metabolism and fatty
acid metabolism to be upregulated in immature embryos as
well as genes of the glycolytic pathway such as fructosebisphosphate aldolase, cytosolic glyceraldehyde-3-P dehydrogenase and pyruvate kinase (Hewezi et al., 2006). The
authors also reported preferential expression patterns in
immature embryos for enzymes associated with the TCA
cycle (NAD-dependent malate dehydrogenase, mitochondrial pyruvate dehydrogenase and isocitrate dehydrogenase), which is in agreement with the high respiratory
activity that we deduced, and argues against the idea that
these embryos normally grow under hypoxic conditions. No
upregulation of plastidic NADP-dependent malic enzyme
was found. These data are consistent with our conclusion
that sunflower embryos direct substantial fluxes through the
TCA cycle, and that pyruvate may be mainly produced from
hexose via the glycolytic pathway and not via plastidic
NADP-dependent malic enzyme.
Potential limitations of this study
Analyses of multiple metabolic fluxes depend on using
models of the metabolic network to interpret labeling
data, and the validity of the flux maps derived depends
on these models being realistic. The risk that models may
be flawed is increased when, as is the case for sunflower
embryos, fewer in vitro enzyme activity studies or gene
expression data exist than for members of the Brassica
family. Therefore, we tested a number of other models
with different or additional network connections, which
included: (i) an oxidative part of the OPPP in the cytosol,
(ii) a full OPPP in the cytosol, and (iii) direct entry of
pyruvate from the cytosol to the plastid for oil synthesis.
None of these explained the data better than the one
presented here (as determined by the sum of squared
weighted deviations of simulated from measured data,
results not shown). To provide further confidence in the
results, we used a larger number of different labeling
experiments and biological replicates than in previous
metabolic flux analyses of plant systems. We also tested
the results of the flux mapping against independent
measurements. These checks and tests persuade us that
the flux map is substantially correct.

Labeling experiments in metabolic flux analysis studies
are almost never carried out on intact plants in order to
ensure metabolic and isotopic steady state. Potential effects
of culture conditions on embryos developing in culture must
therefore be considered, as the findings of metabolic flux
analyses might not represent the fluxes in planta. In
sunflower, the concentrations of substrates to which the
embryo is exposed in planta are uncertain, although we did
determine the predominant metabolites in the vascular
tissue and used those substrates in culture. It is nevertheless
possible that the levels of the substrates used affected the
metabolic fluxes. We believe that this is unlikely because
storage compound production and growth directly consume
intermediates throughout central metabolism, and we verified that embryos developing in culture grew at the same
rate, and produced the same storage compounds in similar
proportions, as in planta. The NMR and MS techniques used
to measure labeling in extracted metabolites and biomass
compounds that are accumulating do not allow the labeling
in intermediary metabolites present at low levels to be
measured directly – rather they are inferred from their
metabolic products (Ratcliffe and Shachar-Hill, 2006). This
well-established practice might lead to erroneous conclusions about metabolic fluxes if metabolite channeling (Giege
et al., 2003) plays a significant role, as the labeling of one or
more intermediates could be different from that inferred
from product labeling in this case.

Experimental procedures
Labeled isotopes
[U-14C6]glucose (317 mCi mmol)1, 11.7 GBq mmol)1), [U-14C5]glutamine (242 mCi mmol)1, 8.95 GBq mmol)1) and [U-14C4]malate
(52 mCi mmol)1, 1.92 GBq mmol)1) were obtained from Amersham
Biosciences (http://www5.amershambiosciences.com/). [1-13C1]glucose and [U-13C5]glutamine were obtained from Isotec (http://
www.sigmaaldrich.com). [2-13C1]glucose was obtained from
Cambridge Isotope Laboratories Inc (http://www.isotope.com).

Plant material
Helianthus annuus L. (sunflower accession Ames 7576) was
grown in 30 cm pots in a greenhouse maintained at 25C/20C
day/night temperature with supplemental lighting to provide
irradiance of approximately 600 lE m)2 sec)1 under a 16 h/8 h
day/night photoperiod. At 2 weeks, seedlings were thinned to two
per pot. Flowers were tagged at anthesis. Tagged seeds were
harvested at 12 days after polination and taken to a laminar flow
bench for dissection.

Medium composition and embryo culture conditions
Seeds were surface-sterilized with 5% sodium hypochlorite
for 10 min and then rinsed three times with sterile water. The
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developing embryos were dissected under aseptic conditions and
transferred into culture medium comprising glucose (400 mM) and
glutamine (70 mM) as carbon and nitrogen sources, respectively
(malate was added at 3 mM in some experiments), minerals in the
form of 4.3 g l)1 MS basal salts, vitamins in the form of nicotinic
acid (5 lg ml)1), pyridoxin hydrochloride (0.5 lg ml)1), thiamine
hydrochloride (0.5 lg ml)1) and folic acid (0.5 lg ml)1), respectively, with 10 mM MES included as a buffer, and adjusted to pH 5.8
with 1 N KOH. The embryos were placed on double glassfiber prefilters soaked with 10 ml of the medium previously described, and
cultured for 5 days at 25C in the dark in a 250 ml screw-cap
Erlenmeyer flask sealed with a septum closure.

Determination of O2 consumption, CO2 efflux and 14CO2
Immediately after culture, the flasks were placed in an ice bath and
1 ml of 0.2 N HCl was injected through the septum to stop metabolism and to release inorganic carbon to the flask headspace.
Duplicate 200 ll gas samples were withdrawn from the flask headspace using a 1 ml syringe, and injected into an infra-red gas analyzer to determine total CO2 efflux and O2 consumption. As
described by Goffman et al. (2005), the CO2 was trapped and 14CO2
present in the trapping solution was counted. The embryos were
removed and rinsed three times each with 10 ml water to remove
surface radioisotope. The embryos were then frozen with liquid
nitrogen and lyophilized.

Separation of biomass compounds
Compounds (oil, proteins and cell wall) were extracted as described
by Goffman et al. (2005) with the following modifications. To extract
the oil, embryos were homogenized in an Eppendorf tube containing a tungsten bead (6 mm diameter) and 1 ml hexane:isopropanol
(2:1 v/v) with a paint shaker at 4C, and the extraction of soluble
components was performed as described by Salon et al. (1988). For
NMR analyses, the extracted metabolites were separated as neutral,
acidic and cationic fractions containing the sugar, organic acid and
amino acid fractions, respectively, as described by Dieuaide-Noubhani et al. (1995). Starch was extracted from the residue of protein
extraction as described by Moing et al. (1994).

were supplied compared with that when [U-14C5]glutamine + unlabeled glucose were supplied. Carbon balance and carbon
conversion efficiency were calculated according to the method
described by Goffman et al. (2005) by providing all carbon
sources uniformly 14C-labeled at the same specific activity and
determining 14C incorporate into biomass end products and
released as 14CO2.

NMR analyses
1

H-NMR of the vascular and embryonic tissues. Capitulum
vascular tissue and embryonic tissues were collected at 12 DAP, and
the fresh weight was measured before freezing in liquid nitrogen.
After lyophilization weight was measured in order to estimate the
quantity of water in vascular and embryonic tissues. The extraction
of soluble components was performed as described by Salon et al.
(1988) using samples to which gallic acid had previously been
added as an internal standard. The extract was dried and resuspended in 600 ll D2O for 1H-NMR analyses. 1H spectra were
acquired at 499.74 MHz using a Varian 500 MHz spectrophotometer
(http://www.varianinc.com) at 25C using a 5 mm probe with a
10.13 lsec pulse corresponding to a 90 angle and a relaxation time
of 20 sec. The concentration of metabolites detected was calculated
according to the internal standard and the quantity of water present
in the tissue. Vascular exudates had similar metabolite contents to
vascular tissue.
NMR analyses of labeled samples. Spectra were obtained at
25C using a Varian 500 MHz spectrometer equipped with a 5 mm
probe. The oil extract was resuspended in 600 ll deuterochloroform
(CDCl3), and amino acid, organic acid, sugar and starch fractions
were resuspended in deuterium oxide (D2O). 1H NMR spectra were
obtained at 499.74 MHz with a pulse of 10.13 lsec (corresponding to
an angle of 90) using a recycling time >6 T1. 13C NMR spectra were
obtained at 125.66 MHz with a pulse of 7.08 lsec (corresponding to
an angle of 90) using a recycling time greater than 6 T1. The
absolute 13C enrichments were determined as described by Rontein
et al. (2002).
GC-MS analyses of protein hydrolysates

Determination of biomass content
Oil content was determined by gas chromatography (GC) with flame
ionization detection of fatty acid methyl esters (FAMEs) as described
by Goffman et al. (2005). Protein content was quantified using the
Bradford assay (Bradford, 1976). Starch was determined using a
Megazyme (http://www.megazyme.com) total starch assay kit.
Cell-wall content was estimated by measuring the dry weight of the
samples after all extractions.

Calculation of carbon-uptake, balance and carbon
conversion efficiency
Glutamine and glucose uptake were estimated from labeling
experiments in which [U-14C5]glutamine + unlabeled glucose or
[U-14C5]glutamine + [U-14C6]glucose were supplied, by dividing the
total 14C incorporated by developing sunflower embryos (14C in
storage biomass and water-soluble molecules and 14CO2 released)
by the specific radioactivity of the substrates added to the medium.
Glucose uptake was determined from the difference between the
uptake of radiolabel when [U-14C5]glutamine + [U-14C6]glucose

Proteins were hydrolyzed in 6 N HCl and the amino acids were
derivatized to N,O-tert-butyldimethylsilyl (TBDMS) derivatives as
described previously (Schwender et al., 2003). TBDMS amino acids
were analyzed by GC-MS. The systems comprised Agilent Technologies 5973 N inert mass selective detector instruments (http://
www.agilent.com), an Agilent Technologies G2578A system with a
30 · 0.25 mm HP5 column (Hewlett Packard, provided by Agilent
Technologies) and an Agilent Technologies G2589A system with
a 60 · 0.25 mm DB5MS column (J&W Scientific; (http://www.
jandw.com). The carrier gas was helium at a flow rate of 1 ml min)1.
The relative abundances of mass isotopomers in selected fragments
of each analyzed derivative were measured using selected ion
monitoring (Schwender et al., 2003). Correction for the occurrence
of 13C in derivative parts of the molecules and for heavy isotopes in
heteroatoms (C, H, O, N, Si) at their natural abundances was performed as described previously (Schwender et al., 2003).

Modeling metabolic pathways
The metabolic model (Figure 5) was programmed in the 13C-FLUX
format (Wiechert et al., 2001) (Table S1). In order to include data
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from the three separate experiments with [1-13C1]glucose,
[2-13C1]glucose and [U-13C5]glutamine into a single flux estimation
procedure, each flux and metabolite pool was programmed three
times (using subscript 2 for the [2-13C1]glucose experiment, and U
for the [U-13C5]glutamine experiment). Equality of identical fluxes in
the separate metabolic networks thus defined was forced by using
equality equations. The following net fluxes Vg, Vres, Vfas2, Vsuc1,
Vglc, Valdp, Vfas1, Vppp1, Vme, Vpepc, Vwall and Vsta were set as
free, whereas fluxes through amino acid synthesis were constrained
to their experimental values. The exchange fluxes Vgf, Vald, Vglyco,
Vgl, Vakg, Vhcp, Vppp2, Vppp3, Vppp4, Vfum1 and Vpepc were set
as free, whereas Vhk, Vres, Vpk, Vpyr, Vstsp, Valpd, Vpkp, Vpdhp,
Vmep, Vppp, Vpdh, Vcs, Vca, Vsfa, Vpepc and the fluxes of amino
acid synthesis were constrained to 0 (irreversible). Flux values
quantified by biomass composition and quantification (Vfas2,
Vsuc1, Vglc, Vfas1, Vwall and Vsta), as well as Vres calculated
according to the method described by Alonso et al. (2005), were
included as measurements in the 13C-FLUX model and set as free
parameters. The optimization program used was Donlp2, with over
2000 different starting points. The best fit, which was also the most
commonly optimized values (69% of the fits) for the fluxes, is
presented in Figure 5 and Table 1.
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